We elucidate the roles of the isotropic-nematic (I-N) and nematic-smectic A (N-SmA) transitions in magnetic field directed self-assembly of a liquid crystalline block copolymer (BCP), using in situ x-ray scattering. Cooling into the nematic from the disordered melt yields poorly ordered and weakly aligned BCP microdomains. Continued cooling into the SmA however results in an abrupt increase in BCP orientational order with microdomain alignment tightly coupled to the translational order parameter of the smectic layers. These results underscore the significance of the N-SmA transition in generating highly aligned states under magnetic fields in these hierarchically ordered materials.
Block copolymers (BCPs) are versatile materials that are valued for their combination of tunable mesoscopic structural length scales and diverse chemical functionality. BCP self-assembly is well-understood for the canonical case of a diblock system where both blocks are Gaussian coils. A generic sequence of spheres, cylinders and lamellae is encountered as a function of volume fraction at constant temperature [1, 2] . The order-disorder temperature, T odt , delineates the self-assembled or ordered system from a typically high temperature disordered state. There is considerable interest in directed self-assembly (DSA) as a means to control orientational and positional order in BCP mesophases. Such control is critical for leveraging the useful length scales and chemical functionality of BCPs in scenarios ranging from advanced lithography to membrane separations [3] [4] [5] .
A common strategy for DSA involves the use of external fields. The ease with which magnetic fields can be applied in arbitrary geometries and without risk of dielectric breakdown represent beneficial departures from shear and electric field DSA [6] . However, the need for substantive magnetic anisotropy often requires the incorporation of rigid anisotropic moieties in the BCP. This has been accomplished in liquid crystalline (LC) BCPs, hierarchically ordered systems wherein mesogens attached to the polymer backbone form LC phases within the BCP superstructure. The magnetic anisotropy of the LC combined with the mesogen anchoring condition at the block interface determine the equilibrium state under the field. While this strategy has been successfully advanced in side-chain LC BCPs [7] [8] [9] [10] [11] [12] and rod-coil systems [13] , there is little known regarding the interplay of the coexisting LC and BCP mesophases during alignment. Efforts to elucidate this interplay are well motivated by a desire to better understand the generic features of hierarchical self-assembly in soft matter systems and selfassembly under external fields. Additionally, such efforts fit into a broader narrative regarding DSA as a route to fabricating functional nanostructured materials. Here, we examine the roles of the isotropic-nematic (I-N) and nematic-smectic A (N-SmA) transitions of an LC mesophase on the field alignment of the BCP superstructure using in situ small angle x-ray scattering (SAXS). We conduct zero-field cooling experiments in which the system is exposed to the field during the I-N transition, then cooled through the N-SmA at zero field. A systematic series of temperature dependent data reveals pronounced coupling of the BCP orientational order with that of the smectic layers formed at the N-SmA transition, and concomitant increases of the correlation lengths of both structures. The emergence of translational order in the SmA imposes an increase in physical persistence of the cylindrical BCP microdomains which in turn couples the orientational order of the BCP more strongly to that of the LC director field. This hypothesis is supported by temperature resolved TEM which shows structural evolution in a narrow temperature range from poorly-ordered, low-aspect ratio microdomains in the nematic state, to microdomains with greater physical persistence and lateral order in the smectic.
The system is a side-chain LC BCP, poly ( • C) and T odt (≈ 71
• C) are effectively coincident, indicating that self-assembly is driven by the isotropic-nematic transition on cooling, and that the system is weakly segregated. T odt and T N−SmA ≈ 64
• C are visible in Fig. 1c . Slow cooling (0.1
• C/min.) from the disordered melt (T > T odt ) to 25
• C at 6 T results in pronounced alignment of the cylinders and LC director parallel to the field. Intense spot-like reflections from the cylindrical microdomains occur along the equatorial line with orthogonal reflections from the SmA layers, Fig. 1d . The progressive development of structural and orientational order on cooling is revealed by mapping the scattered intensity azimuthally, Fig. 1e . This depiction makes clear the coincidence of I-N and ODT, and further, a pronounced narrowing of the azimuthal intensity distribution for the BCP scattering on passage through N-SmA. This narrowing is shown clearly in the temperature dependence of the full-width at half maximum (FWHM) of Gaussian fits of the azimuthal intensity distributions, Fig. 1f (Supplemental Material).
Zero-field cooling experiments better elucidate the coupling between BCP and LC alignment at the N-SmA transition. Samples were first held at 6 T for 60 min. in the nematic at 68
• C before cooling to 25
• C under 0 T at various cooling rates. Data shown in Fig. 2a . Here we are careful to distinguish orientation distribution coefficients from order parameters. Although they are similarly determined, they have different purposes. The former is simply a useful measure of the , whereas the latter is a thermodynamically relevant descriptor. The thermodynamic order parameter in the nematic, S, is identical to the orientation distribution coefficient of the mesogens, S = P LC 2 . The system shows a sudden and large increase of orientational order of the BCP microdomains and SmA layers, from P 2 ∼ 0.55 to nearly 1, in traversing the SmA transition, and a comparatively much smaller change of orientational order of the mesogens, Fig. 2c . The data highlight the efficacy of the molecular field developed in the nematic state in driving microdomain alignment in the absence of the magnetic field. The transformation occurs rapidly with alignment quality relatively insensitive to cooling rates as large as 10
• C/min, Fig. 2d -f. Field-resolved experiments provide a complementary perspective to temperature-resolved data and also highlight the strong coupling between P . Data are shown in Fig. 3a-b for samples subjected to zero-field cooling after initial exposure in the nematic to fields of varying intensity. FWHM data show unambiguously that the change in alignment quality of the BCP is most strongly coupled to that of the SmA layers, and that changes in the alignment of the mesogens are minimal between the nematic and smectic states.
The N-SmA transition in prototypical small-molecule LCs is highlighted by the emergence of translational order, a 1-D density wave correlating the centers of mass of the smectic layers, Eq. 1, with layer spacing d and position z. The degree of translational order is captured by the Fourier coefficients σ n with the translational order parameter, Σ, taken as Σ = σ 1 . The coupling of the N and SmA order parameters in part drives the complexity and weakly first-order nature of the N-SmA transition, with layering in the smectic suppressing director fluctuations [14] [15] [16] [17] [18] . Further, the elastic constants associated with twist (K 22 ) and bend (K 33 ) modes increase rapidly on nearing T N−SmA [18, 19] .
As the orientational order of smectic layers is intrinsically coupled to the emergence of translational order, we speculate that the BCP orientational order is in fact due to, and should therefore be correlated with, the underlying 1-D smectic order. We hypothesize that this coupling is driven by microdomain persistence necessitated by emerging translational order in the SmA matrix and physical contiguity of the system. The concept is illustrated in Fig. 3c . Stubby microdomains in the nematic couple to the local director fieldn loc through the mesogen planar anchoring condition. Variation ofn loc as captured by P LC 2 is present in P BCP 2 in the nematic state. The translational order of the SmA drives an increase of aspect ratio of microdomains which enables coupling to the director as defined over a larger length scale, and therefore with less spatial fluctuation.
An examination of experimentally determined correlation lengths, ξ, and Σ provides strong evidence for the above hypothesis. We determine Σ from I(T ) of the smectic layers, using the approach of Giesselman et al., Eq. 2, where T c is the upper stability limit that occurs in advance of T N−SmA [20] . ξ is evaluated using the Scherrer formalism, ξ = λ/β cos θ where β is the integral peak breath, 2θ the scattering angle, and λ the x-ray wavelength. The intensity and correlation lengths of the BCP and SmA structures are tightly coupled, Fig. 4 . Notably, the orientational order of the BCP is well correlated with the translational order parameter Σ rather than the mesogen order parameter which changes only modestly in the N-SmA transition.
TEM data provide a complementary view. Samples quenched in liquid nitrogen and imaged at room temperature reveal the morphology at the relevant temperatures in the N and SmA states. TEM images reveal a poorly ordered nematic with microdomains of such low aspect ratio differentiating the morphology along versus perpendicular to the field direction is difficult, Fig. 5a . The microdomains increase in aspect ratio significantly on entering the SmA, Fig. 5b . Finally at room temperature, Fig. 5c , distinct grains can be distinguished when viewed along the field direction. The fact that the increase in microdomain aspect ratio is driven by the N-SmA transition and does not occur simply as a consequence of the underlying temperature dependent interaction between the blocks is highlighted by a secondary system which displays only a nematic state, with T NI = 45
• C (Supplemental Material).
We identify a common thread connecting the present work with observations in systems involving nematic solvents. Onsager correctly anticipated that long rods would exhibit greater orientational order than shorter rods of the same diameter in polydisperse hard rod suspensions [21] , as explored by Lekkerkerker et al [22] . Yodh et al. considered polymer chain conformations in a nematic suspension of anisotropic colloids, fd virus particles [23] . The polymer persistence length l p determined the occurrence of coil-rod transitions driven by the nematic field of the background fluid and the polymer orientational order in the rod-like state exceeded that of the nematic background. The disparity in orientational order is broadly consistent with Onsager's prediction as l p ex- • C (a), quenched from near TN−SmA at 65
• C (b), and in the SmA state at 25
• C (c). PEO domains appear dark due to staining. Scale bar: 100 nm. FFTs are shown as insets.
ceeds the length of the fd nematogens. Here we observe similarly that P BCP 2 exceeds P LC 2 of the nematic matrix, Fig. 2c . While the analogy to the Onsager scenario is inexact, it is nonetheless useful in capturing the salient point that the orientational order of anisotropic objects in a nematic field increases with the length of the objects.
In conclusion, this work provides a detailed examination of the roles of the I-N and N-SmA transitions in dictating magnetic field-driven alignment of BCP microdomains embedded in the LC matrix. The I-N transition drives self-assembly of the weakly segregated blocks, resulting in a poorly-ordered and weakly-aligned fluid of low aspect ratio cylindrical microdomains in a nematic continuum under the field. SAXS and TEM point to an increase in the microdomain aspect ratio as the driver for the strong alignment of the system by what is in essence a molecular field (provided by the LC director) during zero field cooling experiments from the poorly ordered nematic. The N-SmA transition plays an important role in this process by providing the impetus for the extension of the cylindrical microdomains, reflecting the physical contiguity of the microdomains over larger length scales that is necessitated by the emerging SmA translational order. Additionally, the diverging elasticities K 22 and K 33 on approaching N-SmA may also contribute to P BCP 2 by suppressing microdomain arrangements involving twist and bend deformation of the director field. Such a 'smectic enhancement' of orientational order would be more relevant at smaller aspect ratios.
Anecdotal evidence has suggested that the existence of smectic order aids in magnetic field DSA of weakly segregated BCPs [10] [11] [12] . The results here provide crucial insight as to why this is the case. The transition from the disordered melt sequentially via a high mobility but poorly ordered nematic, and a low mobility but better-ordered smectic, may provide a practical benefit in optimizing field response kinetics.
This work was supported by NSF under DMR-1410568 and DMR-0847534. Facilities use was supported by YINQE and DMR-1119826. The authors thank Dr. Pawe l Majewski and Julie Kornfield for fruitful discussions, Mike Degen (Rigaku Inc.) and AMI Inc. for technical support. FIG. 7. (a-c) Azimuthal intensity plots of scattering from primary peak of cylindrical microdomains, SmA structure and LC lateral correlations (WAXS regime), and the corresponding fwhm of the scattering peaks respectively (d). The sample was field-aligned in the nematic state at 68
• C prior to zero field cooling to the smectic phase. The solid lines are Gaussian fit to the data. FIG. 8 . a) PEO-b-MA/LC system with 3 carbon spacer is blended with 6OCB (hexyloxycyanobipheny) free mesogens at a stoichiometry (molar ratio) R=0.75 of 6OCB MA/LC monomer units to obtain a nematic system with TI−N ≈ 45
• C. b) The system is magnetically aligned at 6 T, and the resulting 2-D SAXS and WAXS (inset) are shown. c) Azimuthal intensity plot of the microdomain scattering. The solid line is the Gaussian fit to the data, which gives a fwhm of 54 degrees and orientation distribution coefficient of 0.63.
